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The heterogeneity of HSV and the different human leukocyte antigen (HLA) backgrounds of infected individuals have posed 
challenges to understanding the pathogenesis of HiV infection. But continuing advances in our knowledge of the role of immune 
responses in controlling HIV viremia should help to define goals for immune-based therapies and vaccine strategies against 
AIDS, 



AIDS is essentially an infection of the immune system. The first 
reported cases of (his syndrome 1 were seen in young adults afflicted 
wiiii opportunistic infection* thai, until die: chad only been seen in die 
setting of profound immune deficiency. This was followed by the rapid 
identification of HIV- 1 as the causative agent of AIDS 2 , the develop- 
ment of a nonhunian priniaii modes of \li >S virus infection-' and the 
detection of immune responses to HIV-1 in infected persons 4 "" 6 . Since 
then, global research efforts have led to detailed characterization not 
only of the effects of the virus on the host, but also an understanding of 
the ultimate failure of the immune system to contain i he infection. The 
complex interactions between virus and immune system have been 
unraveled through experimental models of AIDS virus infection in 
nonhuuian piimatcs, as well as studies of infected humans, indeed, 
with regard, to breadth and spccifiuiy of iiiiniun.. t espouse,-., u is likely 
that more informal ion has been gi net ilcd i - aicei urn ; III\ and simian 
immunodeficiency virus fSIV) thai! an;, other viruses in history. This 
review, which by no mi ans is able to reference .ill of; be iinpi.ri.ini con- 
tributions over the past 20 yeais, highlights our present understanding 
of All IS immunopaihogi mob, i merging advances in immunothi rapy 
and remaining key icseai i b (jucstions for the future. 

Antibody responses to HIV-1 

Although antibody responses have a central role in clearing rnanyviral 
infections, accumulat lug data suggest that ibis .ma.) no; be true fo; 
i HV-! in feci ion. Aniibodks ui ihe sera of 1 1 IV- i - inn cted individuals 
have only weak m it i t for 1 t i 1 1HV-! isolates' 

with most of the antibodies being non-ncmtali/ing and ditected .it 
viri u s i i i I bi is 111 I s i i us 
in the fit -a claw after initial u.fct.on is contained in ihe infected indi- 
vidual well before the development of an antibody that can neutralize 

ihe virus el, lepi ii ii .f B lymphocytes hi rhesus monkeys by 

infusion of monoclonal antibodies to CD20 -i^mfuanih del to d the 
emergence of a mi u -- i i- i it i ail 'U:g .mtibocb- response afici SiV iijicc- 
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tion, but did not alter the kinetics of early viral clearance 12 . These 
observations -u ■ \ si licit neiilr ii! ing mlii od\ ma; not I* important 
in the early com. rol of HIV- 1 replication. 

Antibodies that neutralize HIV-1 recognize one of three distinct 
neutralizing domains of the HIV-1 envelope: the third hypervariable 
! V V) loop of ihe envelop, glycoproteins, the CD4 binding sites of the 
envelope and the i ran.smembrani. gp'l i protein, (liven the importance 
of the V3 loop in the interactions of the HIV-1 envelope with 
chemokine receptors, it is not surprising that antibodies that bind to 
this domain of envelope can inhibit viral infection of cells 13 . 
Antibodies specific fo; the VV loop aie the first neutralizing antibodies 
that arise in HIV-1 -infected individuals 14 . However, this domain is 
problematic as a i \ , i i c Iki 1 broadly neutralizing anti- 
bodies because V3 loop-specific antibodies are, in general, isolate-spe- 

ifii i i n i > i H ill' s 1 >u > i i !iiii»»'oah imf 

the rm clopc on pi imai y i [IV- 1 isobucs is iikeiy to render them poorly 
accessible to antibodies 15 . The CD4 binding domains of the HIV-1 
envelope are highly conserved among viral isolates, and antibodies 
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■ accuie indrlcid 111 uliail.ong anl ibody o .ponsi 

i c c s i est I i c i i i I i ii 1 < u o itiibulc 

hi ile to ihe control o[ i 1[\ 1 ieplicaiiou in inciiwin .h with established 
infections, despite the finding ihai liicy exert i u i dull i pres- 
sure 17,18 . Imrnuiiodeficieni mice reconstituted with human lymphoid 
tissue iiave been mficled i I HV- j and then evaluated after infusion 
with neutralizing HT t speeitic monoclonal intibodies Iheseanli 
b.-d\ neamici'is had hiHi c I it i t i i s lei 1 " 
Similarly, in HP/- 1 -infected individuals, intravenous infusion of 
hyperimmune globulin with high titers of HIV-1 -specific antibodies 
had little effect on viral load or disease progression 19 . However, pre- 
exisiting circulating neutralizing antibod; ha been shov it 1 ■ aifei the 
clinical outcome of SIV and HIV/SIV hybrid ( SHIV) infections in 
macaques. Infusion of either serum IgG or combinations of mono- 
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peripheral blood of infected individu.ils 
i! it -iS iii I lie* early weeks after 1 II V- 1 in feel 
lymphocytes arc likciy in represent elm 
have also beeti done rising assay.-, to cvai 
ceils for killing, cloiialily and Mram 
macaque models; these studies show ; 
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in humans 3 ' 3v , perhaps bee a use of it 
using reference si rains of virus rather than autologous virus*. 
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C'tls. VV'tien Cl'L's are depleted, vireeiid is not contained. 



clonal antibodies thai nciilraii/e the so viruses attenuates the patho- 
genicity or even blocks ibe establishment of infection by these 
IciUi viruses-'-" -'Vi be fact that neutralizing antibodies seen; to be able 

t n in b j nilc I its i i 1 i c i c -ii b nit i 1 I- 

ies will be very important in any strategy to pre vent 1 II Y-] infection. 

Cellular immune responses to HIV-1 

In contrast to the above observations concerning neutralizing anti- 
bodies and virus containment, virus-specific CDS ' cytotoxic T lym- 
phocytes (CTLs) have been implicated in the control of HIV-1 
replication. 1 II V -I - specific (.' Id,.-, have been found in laige numbers in 
a variety of anatomic compartments in both I HY- i -infected humans 
and SlV-infected macaques, including ptiiphci al blood, bronchoalve- 
olar spaces, lymph nodes, spleen, skin, cerebrospinal link:, v.-ia, n and 
both vaginal and gastrointestinal mucosal tissue. Moreover, CD8 + T 
lymphocytes can inhibit: HIV-1 replication in vitro 23 . Multiple mecha - 
nisms have been associated with this antiviral effect. CTL can lyse 
HIV-1 -infected cells in vitro and block propagation of the infection 24 . 
These effector cells also produce soluble factors that can mediate this 
effect 23 ' 25 . The |:3- cheniokin.es MIP-lOC, MIP-lp* and RANTES have 
activity against lit V- 1 ( tef. 26), colocali/c with gnin/y mes and pci- 
foriii, and arc coordinaiciv secreied by Cid'ks after being triggering by 
antigen .ii ju r" . < c soluble t i also haw ,, k in I 

cell-mediated inhibition of viral replication 28 . 

Partial control of viral replication occurs during tin i arly days after 
infection and correlates temporally with the emergence of an HIV-1- 
speciiic tiDH 1 CTI. response. An association was shown bdween the 
appearance of effector cell populations that lyse HIV-1 -expressing tar- 
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syndrome .Fig. 1 ). hi addition. transient Cl~>» ' lymphocyte depletion 

c i I 1 SlV-i|!ll\ 1 tele IllOIikc} e si like with H it 

»taiitial rise in viral replication that returned to base-line levels coinci- 
dent with the re-emergence of the C: >8 + cell population. 

Noirbuiiian primate studies have also .shown the ramifications of 
potent virus-sped fie ( id responses on the clinical, course of AIDS. 
n. c _ t c eceiitb showi that rhesus monkeys that were 
vaccinated to elicit ( ft response , md th< it infech d with SIV or S3 1 IV 
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These monkeys had lower vir 
CD4+ T-lymphocytes and sur 
keys. In fact, the extent of clin 
with the magnitude of the 
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iion. Because MHC class I 
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d the magnitude of virus- 
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e I enev, < _ j ific ( 1 ! s| i sc i i 1 *d pi. i n indi- 
viduals. Heterozygosity at class 1 dicks, as well as the expression of the 
MHC class 1 molecule* i ti.A-H.d7 and HI A- B57, in infected individuals 
are associated wiib In tier clinical outcomes after 1 11 V- 1 infection' 1 '' v \ 
whereas expression of a pat liculat haplot;, pc of i ii A-B35 is associated 
wiib worse outcome '". S|Kvific SUA alleles have now also been associ- 
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f CTLs and the clearance of virus 34 - 36 . More 
c been largi j\ unable it, shov i ■ 




OH MF e< s - Wi i. i<- s'oOi, t\r 



REVIEW 




Figure 3 tme'.fr ■ ' % virus with a dominant CTl escape mutatior 

are the rise in plasma viral RNA arid fall in peripheral blood CD4' T- 
lymphocyte count in the animal. The mutation that appeared in the 
eokope at week 20 was not recognized by the CTL response 
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ionkcy/-. i'hcbc obscivatioiis undcr- 
in containing HTV-1 replication and 
control, the mechanism of 



.■■led wilh vaccine R-.siioii.sivi.iics.-, in i ilV 
sirs monkeys thai express the Nil 1C class 
more benign disease course after infect: 
isolates than do other rhesus 
score the importance of CTl 
highlight the genetic constraints or 
which remains poorly understood. 

Virus-specific CD4 + T lymphocytes also have aii important role in 
controlling HIV-1 replication. Although as.-.ays to inc.isiiie'l-iynipho- 
cyte proliferation in. response to viral antigen have shown little 
functional virus-specific CD4 1 T-lyrnphocyte activity in HIV-1 -infected 
individuals, more sensitive assays for measuring cylokiiu production In- 
viral pep tide-stimulated lymphocytes have shown that many HIV-1- 
infected individuals do indeed have virus-specific CD4 + T- lymphocyte 
populations 53,54 . Studies in a nonhuman primate model have shown 
that oligoclonal populations of CD4 + T lymphocytes can be detected in 
vivo for prolonged periods of time in chronically infected monkeys, a 
finding consistent with the persistence of viral epitope -specific CD4 + T 
lymphocytes 55 . Moreover, the magnitude of CD4+ T-lymphocyte prolif- 
cralion and cytokine production coneiatc- with the clinical st.tius of 
HIV-1 -infected humans and SIV- or SHIV- infected monkeys 56 ' 57 . 
Because there is little evidence that CD-I ' T lymphocyte;, have a role as 
effector cells in this sell ing, these cells are help- 
ing to facilitated'!, and antibody response-.. 

Immune escape 

tion of the AIDS virus, despite th< 
of cellular and humoral immune 
after infection, is noa coulamcd a 
progressive and lillimately promm 
suppression. Although numerous 
lack of immune control have beei 

best documciin d has keen ii 
through the generation of u 
geted epitopes of the virus. When t 
selection pressure is applied, the erro 
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li/.ing antibodies can be observed in 
vitro'* and is apparent in vivo early in infection, as shown by the emer- 
gence of vim- thai j, able to evade early autologous nclll 1 ali/ing anti- 
bodies even (hough il remains scnsilivc to iielil rali/at ion by control 
sera : '" (Fig. 2). Studies using recombinanl virus assays have shown that 
the rate of ncutiali/.iiig-antibody escape exceeds the rapid late of 
changi observed with ilrug selection pressure, and can account for the 
extensive variability in the envelope protein compared wilh oilier 
genes 1 - 18 . The mechanism of escape may involve changes in envelope 
glyeaii* that shield antibody binding sites by steric hindrance 18 . These 
studies clearly .show that neutralizing antibodies exert considerable 
selection pressure, and thai fully functional envelope variants that 
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escape, however, a direct link between the degree of antibody 

Viral escape front CTl. responses is .mother meeiianisn 
escape that has been documented during both acute 31 ' 32 ' 60 and 
chronic 61,62 infection. Escape occurs even through single amino-acid 
mutations in an epitope, at sites essential for Ml IC kin ding or T- cell- 
receptor recognition, but may also be influenced by mutations in 
flanking regions that affect antigen processing. The potentially strong 
immune .selection prc»ure excited by d'hs lias been particularly well 
demonstrated in acute SIV infection, in which SIV-infected monkeys 
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an early-expressed Tat epitope, new viruses with 
iii i i ill ,,t lo I ,f i m - ,li, nig 

generated, and the \siyisui» \ i is ,i >i n> i hi chronic uncon- 
trolled infection. 

CTl. escape has also been documented in transmission studies and 
after immunization and subsequent infection. Molheis who express 
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transmitted a CTI. escape variant lo their children such that ihe epi- 
tope that is normally associated with protection in adults could not be 
targeted"-' 5 , in contrast, children who inherited 111A 1527 from their 
fathers and HIV from their mothers received a virus ilia; had not been 
under B27- restricted selection pressure and were able to mount vigor- 
ous OT responses and achieve relative control of infection. Recent 
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al viral load was contained 
in the selling of induction of potent SI UV-spccific CT! responses. 
During prolonged follow-up. one animal developed an Increasing viral 
load that which was temporally related to ihe emergence of a CTI 
escape mutation within a dominant epitope (Fig. 3'b However, not all 
CTI responses seen: 10 even sn-.il pronounced selection pressure on 
the AIDS virus 65 . 

kvidence supporting the influence of CTI, selection pressure on 
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of HLA imprinting on a population level supports a significant: role 
of CTL responses in driving 1 HY evolution"- . The apparent advan- 
tage of raic HI A alleles is consistent with these findings those indi- 
viduals expressing rare alleles would be less likely to encounter 
viruses that had already developed fixed mutations in the dominant 
epitopes presen ted by that allele 68 . The finding that some alleles pref- 
erentially present epitopes to the immune system early in infection 69 , 
whereas others may not: present until later in infection 70 , suggests 
that not all MHC alleles contribute equally to immune control and 
underscores our lack of understanding of the parameters that influ- 



Immune dysfunction 

The finding that not all vital CTI. epitopes develop escape muta- 
tion 1 iggcsls tha I i i I i | i i i ii ii 
responses may actually limit the selection pressure applied by lilts ai m 
of ihe immune system"'. There have been numerous proposed mecha- 
nisms for this immune dysfunction, but based on p. 
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nay relate to a lack of CD4+ T-celi help. Otiier studies have shown tha 
ecent encounter with antigen is not entirely clear. Another suggestioi 



airmen! is the downmodulaiiou of key signaling mol- 
ecules for T-ceil activation and ^stimulation*', adore recent studies 
have shown thai CDS' T cells from infected individuals are able lo 
secrete interferon- y, but in those who do no! conliol vircmia, there is a 
defect in the ability ofCD,C T cells to proliferate in response to anli- 

relaiivc contributions of each of these potential mechanisms of 
immune impairment remains a challenge. 

itYtrnmLinotherapy 

fiic rationale for immune-based therapy in iilY-i infection stems 
fiom the observation that prolonged highly active antuet roviral ther- 
apy (MaART) leads to increases in naive cells*', as well as from the 
improvement in observed functional defect:, in CDT and CD8 H T 
u C c i,K ot tins mfecrjoii The restoration of 
immune responsiveness lo other pathogens Mich as cytomegalovirus 
with administration of HAART indicates that immune suppression is 
reversible after prolonged HIV infection. In contrast, despite small 
increases in viremia typically observed in individuals successfully 
treated with HAART, H IV- 1 -specific immunity is no! enhanced hut 
instead declines 87 ' 88 . This suggests that the antigenic threshold 
required for induction of responses is nol being achieved, and that the 
defect may be in the induction phase of the response. 

Numerous approaches to addressing immune augmentation in 
HIV-1 infection are currently under way, but proof of principle that a 
clinical benefit can I i , \c J i, Kicking, dough data lo warrant dis- 
cussion have been accrued by at least four approaches: adoptive ther- 
apy, cytokine therapy, therapeutic imumni/.ation and a combination 
of HAART and treatment interruption to boost immune responses to 
autologous virus. The short-term outcomes of each of these 
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:rapy has been done using both antibodies and cells. 
Infusion of cocktails of neutralizing monoclonal antibodies has led to 
marked protection from infection in non human primates 89 . Infused 

escape inui. mis arc rapidly -ckclcd aflei adoptive transfer of Net-spe- 
cific CTL clones; these observation!, provide evidenc e of in vivo func- 
tion of CTLs 91 . Infusion of interleukin-2 by a number of dosing 
, ci ,c i c , oIumoJ I,, I c Ic ti increases ii ' I H ' I c , I 
counts 92 , but after years of research it is still not clear whether this 
increas nail is diseas progress i 
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early as the time of peak viremia in acute infection 57 . The selective 
infection of HIV- 1 -specific CD4+ T cells in infected individuals pro- 
vides a mechanistic explanation for i.oss of these ceils early in infec- 
tion''' 1 and explains why these responses arc restored with early 
treatment of acute infection*--"" 6 . 

Other mechanisms ol immune evasion have been noted, but the rel- 
ative impo i c c I c ccsio i ibrii i.sii so overall immune impairment 
is les, , ( j lam Fi ;; . 4 Do\ no mlaijon oi Hi \ c las, I In :'. f nnpan , 
■ill ji nid limits ihe mbi . efl o ' I >u 

replication 78 . This effect is limited to HLA- A and U1A-B, which tend 



espo 



load 9 ; . .Augmentation of virus-s|xvific Ci S i ! '! -cell responses has been 
achieved in studies of chronically i n feck .1 individuals 1 1 e increases in 
their naive cells through prolonged HAART therapy, but effects on 
immune control and viral load were lacking' ! . Arguably, the mosl 

i'Ol a ic lc poll ot llililll li;;UK'Hai| Ma,l,|l' ll'vj'c ii" "lopllVl 

liaUsiei A .uloiejcnls ieujliil cells | ul c C a I, |,| lei. a. i M\ 

\fre i lecerciiigiiiii c Ooii, C ill, ,t kiidiui ■ : i th, chili, sc i lues 

periei i cs i us-speci llular in i i ons nd 

a more than 100- ford decrease in steady-state viremia. These findings, 
if confirmed, suggest that the iefeci in immune control may relate "to 
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with recent studies of immune induction m the absence of CD4+ T- 
ceUhelp 96 ' 97 . 

At least transient control of viremia has been achieved with early 
treatment of acute HlV-i or SIV infection, followed by supervised 
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pi nods of treatment iiiii-rrupiii-.il thai have been associated with 
broadening and increased magnitude of cellulai immune responses to 
the virus 9 *-'-". T!u- same approach has been less successful in She selling 
of chronic i iiY ! infection : ' l2 ) probably because of increased virus 
variability and a greater chance lor immune < -dpi . .is >u il a - lack .>! 
icstor.tiion of virus- specific T helper cell .espouses with 11AAKT 
alone"-'-', I .ate iherapeiilic failure has been observed, in at least one 
case, as a result of superinfection""" 1 . As yet, no studios have shown a 
clinical benefit to tins approach. 

c Conclusions 

~ The crucial roks of ceiklLi! and hii moral immune re.ip.oi i -.es in con Pol - 

^ ling i i!V- 1 vire.mia and influencing ihe viral >el point a:c being cklci- 

S dated, providing targets for imiiiinioiiier.ipeulic intcrvuitinis and 

■5 defining goals for vaccine siiaiegies. 1 he true conelaies of immune 

■| protection and immune failure need lobe better defined a task that is 

g no doubt made mole difficult by viral heterogeneity and the diverse 

2 HLA backgrounds of infected individuals which may influence the 

■j| course of infection. l.\pcrimcnP. in animal models of chronic viral 

I omeningil;-. virus model, an inbred si rain of mouse can entirely resolve 

1 infection when infected with the Armstrong stain of virus, whereas 
g- when the same strain is infected with the related Clone- 13 virus, 

chronic infection persists for t he duration of t he animal's life. The only 

§" differences between these two viruses are three nucleotides and two 

2 amino acids 105 ' 106 . Understanding HIV pathogenesis in the setting of 
ro tremendous viral and HLA diversity will be a challenge. Nevertheless, 
S recent advances showing the ability of lire immune system to at least 
,<0 partially contain I II V am! SIY provide hope that research on AIDSvac- 
■Q cines and immune-based therapies may indeed bear fruit. 
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